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Kindlin-2 regulates external to internal cell signaling by interaction with integrins in a process that
involves the tyrosine kinase, Src. However, the underlying mechanisms remain elusive. Here we
report that Src binds to and phosphorylates Kindlin-2 at Y193. Reciprocally, Kindlin-2-Y193 phos-
phorylation activates and maintains Src kinase activity. Kindlin-2-Y193 phosphorylation is also
involved in its binding capacity with Migﬁlin and the recruitment of Migﬁlin to the focal adhesions.
Functionally, we demonstrate that Kindlin-2-Y193 phosphorylation regulates Kindlin-2-mediated
cell spreading and migration. These ﬁndings suggest that Src, Kindlin-2 and Migﬁlin together con-
stitute a positive feedback loop that controls Src activity and regulates integrin-mediated cellular
functions.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of downstream components of integrin signaling pathway wereIntegrin-mediated cell to the extracellular matrix (ECM) adhe-
sions provide connections between cell cytoskeleton and the
ECM [1]. Besides acting as a mechanical link, cell–ECM adhesions
also mediate communications between cells and microenviron-
ment. Signaling pathways downstream of integrin, often referred
to as integrin outside-in signaling, provide critical signals for cell
proliferation, survival and migration [2]. Uncovering the precise
mechanisms underlying integrin outside-in signaling will help to
understand various cell behaviors under physiological and patho-
logical conditions, such as cell migration, invasion, tumor growth
and metastasis.
Src is an non-receptor tyrosine kinase and it was known to
mediate signaling pathways downstream of various membrane
receptors including integrins [3]. In Src-transformed cells, a plentyphosphorylated, such as focal adhesion kinase (FAK), p130CAS
and paxillin [4,5]. These proteins were also found to associate with
Src in vivo [3]. Through protein interactions Src is able to regulate
integrin outside-in signaling pathway and affects cell migration
[6,7], proliferation [6–8] and survival [9,10]. In addition, it was also
known that Src itself can be activated by integrin signaling. Upon
cell adhesion, FAK undergoes autophosphorylation at Y397, which
promotes FAK-Src association. This in turn promotes Src activity
through relieving Src from inhibitory intermolecular interactions
[11–13].
Kindlin-2 has been recognized as an important integrin activator.
Through interacting with the integrin cytoplasmic tails Kindlin-2
was known to cooperate with Talin and activates integrins [14–
18], which is essential for integrin outside-in signaling pathway
[16,19]. Kindlin-2 was recently found to be required for paxillin
phosphorylation [19], an important event in integrin-mediated
outside-in signaling [20–23]. Kindlin-2 was known to be required
for the recruitment of Migﬁlin to the focal adhesions (FAs) [24,25],
which modulates cell shape. Involving in both integrin-mediated
inside-out (integrin activation) and outside-in signaling, Kindlin-2
is emerging as an important regulator of integrin functions.
However, until now less is knownabout themechanismsunderlying
Kindlin-2 regulation on integrin-mediated outside-in signaling. In
addition to the regulation of the integrin-mediated signaling,
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naling pathways, includingWnt/b-catenin [26], TGF-b [27] and SHH
signaling pathways [28].
Migﬁlin, a bindingpartner ofKindlin-2 [24,25], has been reported
to activate Src by direct interaction with Src SH3- and SH2 domains.
Src is required for anoikis resistance in multiple cell types and
knockdown of Migﬁlin promotes cell apoptosis through inhibition
of Src activation [9]. Itwas reported that in untransformed epithelial
cells, cell de-adhesion could induce degradation of Migﬁlin that led
to reduction of Src activation. However, the mechanism regulating
Migﬁlin-mediated Src activation at cell adhesive structures
remained unclear. Most recently, Kindlin-2 was found to interact
with Src to the SH3- and SH2 domains andwas tyrosine phosphory-
lated in cells overexpressing Src [19]. Furthermore, which amino
acid residue within Kindlin-2 was phosphorylated by Src and the
role of phosphorylated Kindlin-2 remained completely unknown.
In this report we present evidence showing that Kindlin-2 is phos-
phorylated by Src at Y193 and a Src-Kindlin-2-Migﬁlin cascade
may play an important role in the regulation of Src activation and
Kindlin-2-mediated cellular functions.
2. Materials and methods
2.1. Cell culture, antibodies, and other reagents
HeLa, MCF7 and 293T cells were cultured in DMEM (Invitrogen,
USA) supplemented with 10% fetal calf serum (FCS) (Hyclone, USA).
H1299 cells were grown in RPMI 1640 (Invitrogen, USA) supple-
mented with 10% FCS. Antibody speciﬁcally recognizing Y193
phosphorylated Kindlin-2 was produced by immunizing rabbits
with phosphorylated peptide (KTMTPTpYDAHDGSP) (Kang Wei
Shi Ji, Beijing, China). Anti-Src, anti-pSrc Y416 and pTyr-100 anti-
bodies speciﬁcally recognizing phosphorylated tyrosine were pur-
chased from Cell Signaling Technology, USA. Anti-Kindlin-2
monoclonal antibody was purchased from Millipore, USA. Src fam-
ily kinase inhibitor PP2 was purchased from Sigma, USA.
2.2. DNA constructs, siRNAs and transfection
Expression vectors encoding Kindlin-2, Src and Migﬁlin were
generated by inserting their cDNAs into corresponding vectors
(pGEX-4T-1, pMal-c2, pEGFP-C3, and pCMV10-3Flag). Kindlin-2
siRNA (AAGCUGGUGGAGAAACUCG) was obtained from
Invitrogen, USA. Plasmids encoding HA-Src-wild type (WT) and
HA-Src-KD (K298A) were kind gifts from Dr. Byung-Chul Oh
(Chungbuk National University, Republic of Korea). DNA constructs
were transfected into cells with Lipofactamine 2000 (Invitrogen,
USA) and siRNAs were transfected with RNAimax (Invitrogen,
USA) following the manufacturer’s protocol.
2.3. Mutagenesis
Various mutations were introduced into DNA constructs encod-
ing Kindlin-2 with QuikChange Site-Directed Mutagenesis Kit
(Stratagene, Santa Clara, CA, USA) following the manufacturer’s
protocol. Mutations generated were conﬁrmed by DNA sequencing.
2.4. Immunoﬂuorescence staining
Cells were plated on collagen type I (Sigma, USA) coated cover
slips and incubated at 37 C overnight. After incubation cells were
ﬁxed with 4% paraformaldehyde in PBS. Then the ﬁxed cells were
permeabilized with 0.1% NP40. After being blocked with 5% BSA
in PBS, cells were stained with indicated primary antibody at
4 C overnight. Subsequently, the primary antibody was recognizedby ﬂuorescent conjugated secondary antibody. Then the
immunoﬂuorescence images were captured under a confocal
laser-scanning microscope (Carl Zeiss LSM780, Germany).
2.5. Immunoprecipitation
Cells were collected and lysed in PBS containing 1% Triton
X-100, 1 mM Na3VO4 and protease inhibitor cocktail (Roche,
Germany) for 15 min on ice. Then the lysates were incubated with
the indicated antibody (5–10 lg) overnight at 4 C. Fifty ll protein
A/G agarose beads were added and then the reaction mixtures
were continued to incubate for 2 h at 4 C. After washing with
PBS containing 1% Triton X-100, 1 mM Na3VO4 for three times,
the immunoprecipitates were analyzed by Western blot analysis.
2.6. Puriﬁcation of GST fusion proteins and GST pull-down assay
GST or GST-Src constructs (Full-length, SH3 domain, SH2
domain and kinase domain) and MBP-Kindlin-2 were expressed
in Escherichia coli BL21 (Tiangen Biotechnology, Beijing, China),
and puriﬁed with Glutathione Sepharose 4B beads (Pharmacia
Medtech, Piscataway, NJ, USA) or MBP-Afﬁnity Matrix (Amylose
Resin, New England Biolabs, USA) according to the protocols pro-
vided by the companies. In detail, the expressed GST or
GST-fusion proteins were incubated with Glutathione Sepharose
4B beads by rotating at 4 C for 2 h, and then the beads were
washed with PBS containing 1% Triton X-100. Then the protein
coated-beads were incubated with MBP-Kindlin-2 fusion protein
or cell lysate in PBS containing 1% Triton X-100 and protease inhi-
bitor cocktail (Roche, Germany) at 4 C for 4 h. And the beads were
dissolved into SDS loading buffer after centrifugation, and boiled
for 5 min at 100 C.
2.7. In vitro kinase assay
Flag-Kindlin-2 protein immunoprecipitated from 293T cells
transiently expressing this protein was incubated with GST or
GST-Src in kinase buffer containing 50 mM Tris–HCl (pH 7.8),
5 mM MgCl2, 1.0 mM DTT, 5 mM ATP, and 150 mM NaCl at 37 C
for 30 min. Precipitates from 293T cells transfected with empty
FLAG vector were incubated with GST-Src as a negative control.
Then proteins were analyzed by Western blot with Src, pTyr100,
pKindlin-2-Y193 and Kindlin-2 antibodies separately.
2.8. Cell spreading assay
Cover slips were coated with ﬁbronectin (5 lg/ml, Sigma, USA)
at 37 C for 1 h and blocked with 1% heat-denatured BSA at 37 C
for 1 h. Approximately 8  104 cells were allowed to attach and
spread for 30 min in cell adhesion buffer (RPMI 1640, 2 mM
CaCl2, 1 mM MgCl2, 0.2 mM MnCl2 and 0.5% BSA). After washing
with cell adhesion buffer, cells were photographed under micro-
scope. The percentage of cells display spread morphology was
determined by analyzing cells from ﬁve randomly selected ﬁelds.
2.9. Cell migration assay
Cell migration was performed by using Transwell chambers
(Corning Costar Corp., Tewksbury, MA, USA) with 8.0 lm pore size.
The lower surface of the chamber membranes were coated with
ﬁbronectin (5 lg/ml) at 37 C for 1 h. Twenty-four hours post
transfection, 1  104 H1299 cells suspended in cell adhesion buffer
(RPMI 1640, 2 mM CaCl2, 1 mM MgCl2, 0.2 mM MnCl2 and 0.5%
BSA) were added to the upper chamber and allowed to migrate
for 5 h. Then the chamber membranes were ﬁxed with 4%
paraformaldehyde and stained with crystal violate. Five random
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with a 20 objective (Olympus, Japan).
2.10. Statistical analysis
Student’s t test was performed with Graphpad 5 software to
compare paired data. P < 0.05 was considered statistically
signiﬁcant.
3. Results
3.1. Src binds to and phosphorylates Kindlin-2 both in vitro and in vivo
Given that Src interacts with Kindlin-2 [19], we then wanted to
examine whether Src was able to phosphorylate Kindlin-2. To this
end, WT-Src, kinase-dead Src (KD-Src) or constitutive activated Src
(CA-Src) was co-transfected separately with FLAG-tagged
Kindlin-2 in 293T cells. Co-immunoprecipitation was performed
with a FLAG antibody. The immunoprecipitates were probed with
pTyr-100, FLAG and HA antibodies separately. Interestingly, we
observed an obvious Kindlin-2 phosphorylation with
co-transfection of WT-Src, and co-transfection of CA-Src induced
an even stronger phosphorylation of Kindlin-2 (Fig. 1A). In contrast,
the KD-Src mutant is unable to induce Kindlin-2 phosphorylation
(Fig. 1A). These results indicated thatKindlin-2might bephosphory-
lated by Src in living cells. To investigatewhether Src is able to phos-
phorylate Kindlin-2 directly, we performed an in vitro kinase assay.
FLAG-Kindlin-2 or FLAG empty vector were transiently transfected
into 293T cells and co-immunoprecipitation was performed with a
FLAG antibody. The immunoprecipitated FLAG-Kindlin-2 was incu-
bated with puriﬁed GST or GST-Src expressed from E. coli.
Interestingly, GST-Src but not GST can phosphorylate
FLAG-Kindlin-2 (Fig. 1B). In contrast, GST-Src incubated with the
control immunoprecipitates containing only FLAG did not show
Kindlin-2 phosphorylation (Fig. 1B). These results indicated that
Src is able to directly phosphorylate Kindlin-2 in vitro.
To examine whether Kindlin-2 directly binds to Src, we per-
formed a GST pull-down assay. GST or various GST-tagged Src con-
structs (Src full-length, Src SH3, Src SH2 and Src kinase domains)
(Fig. 1C, Upper panel) were examined for interaction with puriﬁed
MBP-Kindlin-2. Results showed that GST-Src but not GST alone can
directly interact with MBP-Kindlin-2. Importantly, we observed a
strong direct interaction between MBP-Kindlin-2 and GST-Src
kinase domain, suggesting that Src phosphorylation of Kindlin-2
depends on its interaction with Kindlin-2 in 293T cells. In addition,
Src SH2 domain was found to interact with Kindlin-2 weakly
(Fig. 1C, Lower panel).
To pinpoint which domain of Kindlin-2 may interact with Src,
we divided Kindlin-2 into two parts: the N-terminal (aa 1–239)
and the C-terminal (aa 230–680) (Fig. 1D, Upper panel) domains.
Then GST pull-down experiments were performed. We found that
both N- and C-domains of Kindlin-2 were able to interact with
GST-Src (Fig. 1D, Lower panel).
To examine whether Kindlin-2 complexes with Src occurs
in vivo, we co-immunoprecipitated endogenous Kindlin-2 using a
Src antibody from H1299 cell lysates and probed with a
Kindlin-2 antibody. As shown in Fig. 1E, Kindlin-2 interacts with
Src in living cells, indicating that Kindlin-2 and Src could interact
and form a complex at physiological protein concentrations.
3.2. Residue Y193 is the primary Src phosphorylation site within
Kindlin-2
To identify the Src phosphorylation site in Kindlin-2, we per-
formed a NetphosphoK analysis (http://www.cbs.dtu.dk/services/NetPhos/). Data-mining results indicated that tyrosine residues
within Kindlin-2 including Y13, Y193, Y295, Y464 and Y673 are
the potential Src phosphorylation sites (Fig. 2A, Upper panel). To
pinpoint which one of the potential ﬁve candidate tyrosine resi-
dues are the major phosphorylation site, we mutated these tyro-
sine residues to phenylalanine one by one. Then these mutants
were co-transfected with WT-Src separately in cells.
Kindlin-2-WT without co-transfection of WT-Src was used as a
negative control. After co-immunoprecipitation, phosphorylation
site of Kindlin-2 was determined by Western blot analysis with
an anti-phospho-tyrosine antibody. Among the ﬁve hypothetical
phosphorylation sites, only Kindlin-2-Y193 mutant showed a sig-
niﬁcant reduction of phosphorylation by Src (Fig. 2A, Lower panel),
indicating that Y193 is the primary Src phosphorylation site within
Kindlin-2.
To examine the Kindlin-2 phosphorylation status in living cells,
we successfully produced an antibody that recognizes
Kindlin-2-Y193 phosphorylation. To examine the speciﬁcity of this
antibody, 293T cells were transfected with FLAG-tagged
Kindlin-2-WT or Kindlin-2-Y193F mutant in the presence of
CA-Src, with FLAG-Kindlin-2 alone as a negative control. Cell
lysates were immunoprecipitated with a FLAG antibody and the
immunoprecipitates were probed with the Kindlin-2-Y193
phospho-antibody. Result showed that the Kindlin-2-Y193
phospho-antibody speciﬁcally recognizes Kindlin-2-WT but not
the Kindlin-2-Y193F mutant in the presence of CA-Src (Fig. 2B,
Upper panel). In contrast, the control Kindlin-2-WT showed no
bands without CA-Src (Fig. 2B, Upper panel).
In support of Kindlin-2 phosphorylation at Y193 is caused by
Src (or Src family members), a Src family inhibitor PP2 was applied.
To this end, breast cancer cells MDA-MB-231 were treated with
PP2 or DMSO. Not surprisingly, the PP2 treatment greatly reduced
Kindlin-2 Y193 phosphorylation (Fig. 2C), indicating that Src (or
Src family members) is required for the Kindlin-2 phosphorylation
at site Y193 in vivo. As a positive control, the PP2 treatment abol-
ished almost all Src activity implicated by Src phosphorylation at
Y416. However, we do not exclude the possibility that other Src
family kinases might also have the capacity to phosphorylate
Kindlin-2.
To examine the localization of Y193 phosphorylated Kindlin-2,
we stained Kindlin-2 with the pKindlin-2-Y193 antibody and com-
pared to the total Kindlin-2 staining with a Kindlin-2 non-phospho
antibody. Results indicated that both the phosphorylated and
non-phosphorylated Kindlin-2 are speciﬁcally co-localized at the
FAs (Fig. 2D, Right and middle panels), sites that were known also
for activated Src to localize [29–31]. Thereby, our results indicated
that Kindlin-2 binds to and is phosphorylated by Src at Y193 both
in vitro and in vivo.
3.3. Src phosphorylation of Kindlin-2 affects Kindlin-2-Migﬁlin
interaction and the recruitment of Migﬁlin to the FAs
To identify the functional impacts of Src phosphorylation on
Kindlin-2, we ﬁrstly examined the interaction between phosphory-
lated Kindlin-2 and Migﬁlin. To this end, FLAG-Migﬁlin was
co-transfected with EGFP-tagged Kindlin-2-WT or
Kindlin-2-Y193F mutant in the presence of CA-Src. Binding of
Migﬁlin with Kindlin-2-WT or Kindlin-2-Y193F mutant were
determined by co-immunoprecipitation with a FLAG antibody, fol-
lowed by Western blot analysis. Results showed that less
Kindlin-2-Y193F was co-immunoprecipitated by Migﬁlin com-
pared to that of Kindlin-2-WT in the presence of CA-Src (Fig. 3A,
Left), suggesting that Kindlin-2-Y193 phosphorylation is involved
in its binding capacity with Migﬁlin. The amount of Kindlin-2 that
was co-immunoprecipitated by Migﬁlin was quantiﬁed by the soft-
ware Image J (Fig. 3A, Right), showing that approximately 50% of
Fig. 1. Src binds to and phosphorylates Kindlin-2 both in vitro and in vivo. (A) 293T cells were transfected with empty FLAG (lanes 1–3) or FLAG-Kindlin-2 (lanes 4–6)
together with various forms of Src (kinase dead (KD) (lane 1, 4), wild type (WT) (lane 2, 5), constitutively active (CA) (lane 3, 6)). Immunoprecipitation assays were performed
with a FLAG antibody. The immunoprecipitates were probed with FLAG, HA, or pTyr-100 anti-phosphotyrosine antibodies. (B), FLAG or FLAG-Kindlin-2 was
immunoprecipitated from 293T cells transiently expressing these proteins. Immunoprecipitated FLAG-Kindlin-2 was incubated with GST (left panel) or GST-Src (middle
panel) at 37 C for 30 min in kinase buffer. For control experiment, GST-Src was incubated with the control immunoprecipitates containing only FLAG peptide (right panel).
After reaction, proteins were analyzed by Western blot with FLAG, GST, or pTyr-100 antibodies. (C) GST-fusion proteins for various domains of Src were shown in the upper
panel. MBP-Kindlin-2 was incubated with GST (lane 2) or GST-tagged Src fusion proteins (full-length Src (lane 3), Src SH2 domain (lane 4), Src SH3 domain (lane 5) and Src
kinase domain (lane 6) at 4 C overnight. Precipitates were probed with a Kindlin-2 antibody (Lower panel). (D) FLAG-tagged proteins for various domains of Kindlin-2 were
shown in the upper panel. 293T cells were transfected with FLAG control vector (lane 1), the FLAG-tagged full-length Kindlin-2 (lanes 2), N-terminal of Kindlin-2 (lanes 3) or
C-terminal of Kindlin-2 (lanes 4). The lysates were incubated with GST-Src at 4 C overnight (lanes 5–8). Precipitates were analyzed by Western blot with a FLAG antibody
(Lower panel). (E) Lysates of H1299 cells were immunoprecipitated with a control IgG (right panel) or a Src antibody (middle panel) and then the precipitates were subjected
to Western blot analysis.
2004 Z. Liu et al. / FEBS Letters 589 (2015) 2001–2010Kindlin-2-Y193F mutant binds with Migﬁlin. Taken together, these
results demonstrated that Src phosphorylation of Kindlin-2 facili-
tates Kindlin-2 interaction with Migﬁlin. In addition, given that
Kindlin-2-Migﬁlin interaction is important for mediating Migﬁlin
localization to the FAs [24,25], we therefore continued to ask
whether Src phosphorylation of Kindlin-2 is involved in Migﬁlin
recruitment to the FAs. To answer this question, FLAG-Migﬁlin
expression vector was co-transfected with EGFP-tagged WT or
Kindlin-2 Kindlin-2-Y193F mutant into cells. Twenty-four hours
post transfection the cells were treated with DMSO or PP2.
Migﬁlin localizations under various conditions were visualized by
immunoﬂuorescent stainings as indicated in Fig. 3B. Migﬁlin wasfound obviously localized at the FAs when co-transfected with
GFP-tagged Kindlin-2-WT in the presence of DMSO (Fig. 3B, the
ﬁrst panel from top). In contrast, when FLAG-Migﬁlin expression
vector was co-transfected with GFP-tagged Kindlin-2-Y193F
mutant, less Migﬁlin was found to be localized at the FAs
(Fig. 3B, the third panel from top). These data indicated that
Kindlin-2 phosphorylation at Y193 is involved in Migﬁlin recruit-
ment to the FAs. To examine whether Src plays a role in
Kindlin-2-mediated Migﬁlin recruitment to the FAs, we
co-transfected FLAG-Migﬁlin with GFP-tagged Kindlin-2-WT or
Kindlin-2-Y193F mutant and then treated the cells with or without
the presence of PP2. We found that by PP2 inhibition of
Fig. 2. Y193 is the primary tyrosine residue of Kindlin-2 phosphorylated by Src. (A) Kindlin-2 was predicted to be phosphorylated by Src at amino acid residues Y13, Y193,
Y295, Y464 and Y673 according to NetphosK 1.0 (Upper panel). FLAG-tagged Kindlin-2-WT or various Kindlin-2 mutants (Y13F, Y193F, Y295F, Y464F and Y673F) were co-
transfected with HA-Src-WT in 293T cells. After immunoprecipitation with a FLAG antibody, Kindlin-2 phosphorylation was detected by Western blot analysis with pTyr100
and other indicated antibodies (Lower panel). (B) 293T cells were transfected with FLAG-tagged Kindlin-2-WT (middle panel) or Kindlin-2-Y193F mutant (right panel)
expression vectors together with HA-Src-WT. 293T cells transfected with FLAG-tagged Kindlin-2-WT alone was used as a control (left panel). After immunoprecipitation with
a FLAG antibody, Western blot analysis was performed with FLAG and pKindlin-2 Y193 antibodies. (C) MDA-MB-231 was treated with DMSO or PP2 (a Src inhibitor) overnight
and Kindlin-2 phosphorylation at Y193 was detected with the pKindlin-2 Y193 antibody. (D) MDA-MB-231 cells were plated on collagen type I for 2 h and the localization of
phosphorylated Kindlin-2 (left panel) and total Kindlin-2 (middle panel) were examined by immunoﬂuorescent stainings. Bar, 20 lm.
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members), Migﬁlin localization to the FAs was greatly reduced
with the binding partners of both Kindlin-2-WT and
Kindlin-2-Y193F mutant (Fig. 3B, the second and the fourth panels
from top). Combination of Kindlin-2-Y193F mutant with addition
of PP2 indicated that both Kindlin-2-Y193 and Src (or Src family
members) activity are involved in the localization of Kindlin-2 in
the FAs and Migﬁlin recruitment to the FAs, suggesting that
Kindlin-2 localization to the FAs is also related to its capacity of
interaction with Migﬁlin and the potential phosphorylation site(s)
caused by other kinases (Fig. 3B the fourth panels from top).
Furthermore, recruitment of Migﬁlin to the FAs was quantiﬁed
by counting the number of Migﬁlin positive FAs in a cell.
GFP-tagged Kindlin-2 in the FAs was used to indicate the FAs.
Results showed that inhibition of Kindlin-2 phosphorylation at
Y193 either by generation of mutant Kindlin-2-Y193F or PP2 treat-
ment greatly reduces Migﬁlin recruitment to the FAs (Fig. 3C, Right
panel), whereas Kindlin-2 localization was not much affected by
such treatment (Fig. 3C, Left panel), suggesting other Kindlin-2independent mechanisms may exist for Migﬁlin recruitment to
the FAs. We also observed that when mutant Kindlin-2-Y193F
and PP2 treatment were applied together, Kindlin-2 localization
in the FAs was greatly reduced (Fig. 3C left panel), raising a possi-
bility that Kindlin-2 phosphorylation at other tyrosine residues in
addition to Y193 may also be involved in Kindlin-2 localization
to the FAs. Taken together, our results indicated that the
Src-primed phosphorylation of Kindlin-2 at Y193 is involved in
Kindlin-2 binding to Migﬁlin, an alternative mechanism underlying
Migﬁlin recruitment to the FAs.
3.4. Phosphorylation of Kindlin-2 at Y193 is involved in Src activation
and Migﬁlin is important for Kindlin-2-promoted Src activation
Migﬁlin was known to be recruited to the FAs by Kindlin-2 and
functions as a sensor of cell adhesion through activation of Src
[9,25,26]. To examine whether Kindlin-2 affects Src activation,
we performed both knockdown and overexpression experiments
in cells. H1299 cells with Kindlin-2 knockdown by RNAi showed
Fig. 3. Src phosphorylation of Kindlin-2 regulates Kindlin-2-Migﬁlin interaction and Migﬁlin recruitment to the FAs. (A) GFP-tagged Kindlin-2-WT (lane 1) or Kindlin-2-
Y193F (lane 2) mutant expression vectors was co-transfected with FLAG-Migﬁlin or HA-Src-CA in 293T cells. Immunoprecipitation assays were performed with a FLAG
antibody and the immunoprecipitates were detected by Western blot using a Kindlin-2 antibody (left panel). The cell lysates were analyzed for detecting the expression of
GFP-Kindlin-2, FLAG-Migﬁlin and HA-Src. Kindlin-2 co-immunoprecipitated with Migﬁlin was quantiﬁed by the Image J software (right panel). Plotted is the mean ± S.E.M.
from three independent experiments (* for P < 0.05). (B) and (C) HeLa cells were co-transfected with GFP-tagged Kindlin-2-WT or Kindlin-2-Y193F mutant expression vectors
together with FLAG-Migﬁlin. Twenty-four hours after transfection, cells were treated with DMSO or Src inhibitor PP2 for 12 h. The localization of Migﬁlin was examined by
staining with a mouse anti-FLAG antibody. As indicated in (B), green: GFP-Kindlin-2, red: Migﬁlin, Merged with yellow: co-localized Kindlin-2 and Migﬁlin. Bar, 20 lm. (C)
The numbers of focal adhesions (FAs) under various treatments as indicated in B were quantiﬁed. Left: Kindlin-2 positive FAs. Right: Migﬁlin positive FAs. Presented are
mean ± S.E.M. from three independent experiments. ** for P < 0.01, and *** for P < 0.001.
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control siRNA, suggesting that Kindlin-2 is important for Src acti-
vation. To clarify whether Kindlin-2 regulates Src activation, we
co-transfected H1299 cells with Kindlin-2 siRNA together with
Kindlin-2 siRNA-resistant mutant construct. Result indicated that
the decreased Src activity caused by Kindlin-2 knockdown can be
rescued by Kindlin-2 re-expression (Fig. 4A). These data strongly
indicated that Kindlin-2 is required for Src activity. Furthermore,
to examine whether Kindlin-2 phosphorylation at Y193 is involved
in Src activation, we overexpressed Kindlin-2 in H1299 cells and
found that the level of Src activity is greatly increased compared
to that in the FLAG transfected cells (Fig. 4B). To our surprise,
expression of Kindlin-2-Y193F mutant did not obviously activate
Src (Fig. 4B). These results supported the idea that Kindlin-2 is
phosphorylated by Src, and reciprocally Kindlin-2 also activates
Src. Thus, this mutual regulation between Kindlin-2 and Src may
represent an alternative mechanism for maintaining Src activation
in vivo.
It was known that Migﬁlin, a binding partner of Kindlin-2, also
activates Src [9]. With this respect, it would be interesting to exam-
ine whether Kindlin-2-mediated Src activation involving Migﬁlin.
To answer this, we knocked down the endogenous Kindlin-2 in
H1299 cells by RNAi and then transfected the cells with Migﬁlin
expression vector. Result indicated that the reduced Src activity
caused by Kindlin-2 knockdown can be rescued by overexpression
of Migﬁlin in the cells (Fig. 4C), suggesting that Migﬁlin involves in
the activation of Src mediated by Kindlin-2. Therefore, these data
indicated that both Kindlin-2 and Migﬁlin regulate Src activation.
Taken together, Kindlin-2 phosphorylation by Src at Y193 is impor-
tant for Kindlin-2 interaction with Migﬁlin and is also functionally
involved in Migﬁlin recruitment to the FAs.
3.5. Src phosphorylation of Kindlin-2 is required for Kindlin-2-
mediated cell spreading and migration
Kindlin-2 was known to regulate integrin-mediated cellular
functions [15–18]. It would be interesting to know whether
Kindlin-2 phosphorylation by Src affects these integrin-mediated
cellular functions. To answer this question, we performed cell
spreading assay using H1299 cells transfected with Kindlin-2-WT
or the non-phosphorylated Kindlin-2-Y193F mutant. Twenty-four
hours post transfection, cells were replated on ﬁbronectin in cell
adhesion buffer for 30 min and cell spreading were measured.
Result showed that Kindlin-2-WT signiﬁcantly promotes cell
spreading, whereas Kindlin-2-Y193F mutant displays a similar
trend to the control in the regulation of cell spreading (Fig. 4D).
This ﬁnding suggested that Kindlin-2-regulated cell spreading on
ﬁbronectin is dependent on Kindlin-2 phosphorylation by Src at
Y193. Furthermore, we also examined the effect of Kindlin-2 phos-
phorylation on cell surface area in HeLa cells. GFP-tagged
Kindlin-2-WT or Kindlin-2-Y193F mutant was co-transfected with
HA-tagged WT Src or KD-Src controlled by an empty vector. After
spreading on collagen type I for 2 h, cell surface areas were deter-
mined with the software Image J. We found that in the presence of
WT-Src, HeLa cells transfected with Kindlin-2-WT show an
increased cell surface area compared to that of cells transfected
with Kindlin-2-Y193F mutant (Fig. 4E). In contrast, in the absence
of Src or with the presence of KD-Src, there was no obvious differ-
ence between cells transfected with Kindlin-2-WT or
Kindlin-2-Y193F mutant (Fig. 4E), suggesting again that Src phos-
phorylation of Kindlin-2 is required for cell spreading as indicated
in Fig. 4A. To examine whether Kindlin-2 phosphorylation affects
cell migration, we performed a Transwell cell migration assay
using H1299 cells. Cells were transfected with FLAG-tagged
Kindlin-2-WT or the Y193F mutant controlled by an empty vector,
and then their ability to migrate toward collagen type I wasdetermined. We found that Kindlin-2-WT signiﬁcantly promotes
cell migration on collagen type I, whereas Kindlin-2-Y193F mutant
transfected cells displays a similar migratory capacity to the con-
trol (Fig. 4F). Taken together, these data clearly indicated that
Kindlin-2 phosphorylation by Src at Y193 plays an important role
in integrin-mediated cellular functions.
4. Discussion
Kindlin-2 is an important regulator of integrin functions.
Through cooperation with Talin, Kindlin-2 is required for integrin
activation [14–18]. Kindlin-2 also controls integrin outside-in sig-
naling by association with intracellular molecules including Src
[16,19]. In this report we identiﬁed a new mechanism by demon-
strating that Kindlin-2 regulates integrin-mediated outside-in sig-
naling via a Src-Kindlin-2 regulatory loop. We presented that Src is
able to bind to and phosphorylates Kindlin-2 both in vitro and
in vivo. We showed that Src-mediated Kindlin-2 phosphorylation
and Src-Kindlin-2 interaction are required for the maintenance of
Src kinase activity, and furthermore phosphorylated Kindlin-2 is
required for Migﬁlin recruitment to the FAs. In our in vivo study,
we identiﬁed that Src kinase domain is the major domain of Src
that interacts with Kindlin-2. As expected, the in vitro kinase assay
indicated that Kindlin-2 is a direct substrate of Src. These results
support the idea that Kindlin-2 might be a direct target of Src
in vivo and Kindlin-2 is regulated by Src through phosphorylation.
Interestingly, our mapping results differ from that of Qu et al.’s
report, which was published recently [19]. In Qu et al.’s in vivo
Co-IP experiments, Src interacted with Kindlin-2 via its SH2- and
SH3 domains, and Kindlin-2 F0 was found as the Src binding
domain; whereas in our GST pull-down assay, besides the SH2
domain the kinase domain of Src also showed binding with
Kindlin-2. For the differences of our data compared to Qu’s et al.
in terms of interacting regions between Kindlin-2 and Src, Qu
et al. found that Kindlin-2 interacted predominantly with the Src
SH2- and SH3 domains and not with the kinase domain. In Qu
et al.’s study, they did not show the interaction of Src kinase
domain with Kindlin-2. When we scrutinized Qu et al.’s experi-
ments, we found that Qu et al. used Co-IP assay. In this assay Src
kinase domain (without the SH2- and SH3 domains) could not
ﬁrmly interact with Kindlin-2 in vivo. There is also a possibility
that Src kinase domain may have a higher binding capacity with
other substrates than Kindlin-2 in living cells. Therefore, Qu et al.
could not show the interaction of Kindlin-2 with Src kinase domain
in Co-IP assay. However, we were also aware of an experimental
detail that Qu et al. used Kindlin-2 F0 domain but not the
full-length Kindlin-2 for in vitro interaction assays with Src
domains. This brought about a possibility that Kindlin-2 F0 domain
could not stably interact with the bigger molecule MBP
(maltose-binding protein)-Src kinase domain fusion protein.
Probably for this reason, Qu et al. could not see the interaction
between Src kinase domain and Kindlin-2 F0 domain. In contrast,
we employed in vitro assay using GST-fusion Src kinase domain
and identiﬁed that Src kinase domain even strongly interacts with
Kindlin-2 compared with that of Src-SH2 domain. Further, we
employed the full-length Kindlin-2 in the GST pull-down assay
involving GST-Src kinase domain. We thought that this is reason-
able since Src phosphorylates Kindlin-2 at Y193 and thereby Src
kinase domain must interact directly with Kindlin-2 in vivo and
in vitro.
In addition, the identiﬁed potential phosphorylation sites in
Kindlin-2 by Src are variable between ours and Qu’s et al. We found
that Src phosphorylates Kindlin-2 at Y193, while Qu et al. found
that two tyrosine residues in Kindlin-2 F0 domain at Y13 and
Y82 are critical for their binding with Src. However, Y13 and Y82
Fig. 4. Kindlin-2 phosphorylation at Y193 is involved in Src activation and Kindlin-2-mediated cell spreading and migration. (A) H1299 cells were transfected with control
siRNA (left panel) or Kindlin-2 siRNA (middle and right panels). In Kindlin-2 knockdown cells, Kindlin-2 expression was rescued with empty FLAG vector (middle panel) or
siRNA-resistant FLAG-Kindlin-2 (right panel). Src activation was measured by Western blot analysis with pSrc Y416 and other indicated antibodies. (B) H1299 cells were
transfected with empty FLAG vector (left panel), FLAG-tagged Kindlin-2-WT (middle panel) or Kindlin-2-Y193F mutant (right panel) expression vectors. Src activation under
these conditions was measured by Western blot analyses with pSrc Y416 and other indicated antibodies. (C) H1299 cells were transfected with control (left panel) or Kindlin-
2 siRNA (middle and right panel). In Kindlin-2 knockdown cells, empty FLAG (middle panel) or FLAG-Migﬁlin (right panel) vector was expressed. Src activation was measured
by Western blot analysis with pSrc Y416 and other indicated antibodies. (D) H1299 cells were transfected with FLAG, FLAG-tagged WT or Y193F Kindlin-2 expression vector.
Twenty-four hours post transfection, 8  104 cells were allowed to attach on ﬁbronectin-coated cover slips in cell adhesion buffer at 37 C for 30 min. The percentage of cells
displayed spread morphology was determined by analyzing cells from ﬁve randomly selected ﬁelds. Presented is mean ± S.E.M. from three independent experiments.
Student’s t test was used for statistical analyses. *** for P < 0.001. (E) HeLa cells were transfected with GFP-tagged WT or Y193F Kindlin-2 in the presence of HA-Src-WT, HA-
Src-KD or empty vector. Twenty-four hours post transfection, cells were allowed to spread on collagen type I and cell areas were measured by Image J. Presented is
mean ± S.E.M. from three independent experiments. Student’s t test was used for statistical analyses. * for P < 0.05. (F) H1299 cells were transfected with FLAG, FLAG-tagged
WT or Y193F Kindlin-2 expression vector. Twenty-four hours post transfection, 1  104 cells were added to the upper surface of the Transwell chamber. Cells were allowed to
migrate toward the lower surface which was coated with 5 lg/ml collagen type I. Presented is mean ± S.E.M. from three independent experiments. (G) A working model
depicting a Src-Kindlin-2-Migﬁlin-Src positive feedback loop.
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one step further by generating a Kindlin-2-Y193 phospho-speciﬁc
antibody and conﬁrmed the presence of Kindlin-2-Y193 phospho-
rylation in living cells (Fig. 2B and D in this report). In contrast, Qu
et al. did not show the presence of Kindlin-2-Y13 and Y82 phos-
phorylation in living cells and they did not generate any
phospho-speciﬁc antibodies in their report [19]. Collectively, we
demonstrated here that Src interacts with Kindlin-2 and phospho-
rylates Kindlin-2 at Y193, which plays an important role in
Kindlin-2-mediated cellular functions.
By mutagenesis, we identiﬁed that the Y193 of Kindlin-2 is the
primary Src phosphorylation site and Kindlin-2 phosphorylation at
this residue is important in mediating the Kindlin-2-Migﬁlin inter-
action. Compared to Kindlin-2-WT, Kindlin-2-Y193F mutant shows
a reduced binding capacity for Migﬁlin and affects recruitment of
Migﬁlin to the FAs. Combined with previous ﬁndings for the role
of Kindlin-2 in recruiting Migﬁlin [24,25], our ﬁndings suggest a
model that depicts Kindlin-2 regulation on integrin function: Src
phosphorylation of Kindlin-2 at Y193 increases the binding capac-
ity of Kindlin-2 for Migﬁlin, which in turn promotes Migﬁlin
recruitment and the Migﬁlin-mediated cellular functions at the
FAs (Fig. 4G). These ﬁndings suggest that Src phosphorylation of
Kindlin-2 at Y193 may represent a gain-of-function modiﬁcation.
Therefore, targeting Y193 of Kindlin-2 may be used as a drug target
to prevent Src phosphorylation and thereby Kindlin-2-Y193D and
Kindlin-2-Y193A mutants will be generated to scrutinize the func-
tional alterations of Kindlin-2 in the future investigations. In addi-
tion, Src phosphorylation of Kindlin-2 at Y193 is a naturally
existing event in cells. One may ask that whether Kindlin-2-Y193
phosphorylation may exist in human cancer patients. To answer
this fascinating question we performed immunohistochemical
stainings using this Kindlin-2-Y193 phospho-speciﬁc antibody. To
this end, we have stained tumor tissue sections from human
breast, lung and colon cancer patients using the Y193
phospho-speciﬁc antibody. Unfortunately, it turned out to be that
no positive signals were seen for Y193 phospho-speciﬁc antibody
stainings while the control Kindlin-2 antibody gave positive sig-
nals, indicating that this Y193 phospho-speciﬁc antibody is not
workable for immunohistochemical analysis (data not shown).
For future efforts, we will continue to pursuit to make Y193
phospho-speciﬁc antibodies that are suitable for immunohisto-
chemical stainings.
Migﬁlin, an adaptor protein known to be recruited to the FAs by
Kindlin-1 and Kindlin-2 [24,25], was reported to be required for Src
activation [9]. However, we demonstrated here that Kindlin-2
phosphorylation by Src is involved in Migﬁlin-mediated Src activa-
tion. Kindlin-2-WT was able to activate Src, whereas Kindlin-2
unphosphorylated mutant (Kindlin-2-Y193F) displayed a reduced
binding capacity for Migﬁlin and a jeopardized ability to activate
Src. Based on these ﬁndings and previous reports, we propose a
positive feedback mechanism that Kindlin-2 regulates Src activa-
tion: after being recruited to and activated at the FAs by FAK
[11], Src is able to phosphorylate Kindlin-2 at Y193, which leads
to an increased Kindlin-2-Migﬁlin interaction and then promotes
Migﬁlin recruitment to the FAs. This, conversely, induces further
Src activation. Thus, a Src-Kindlin-2-Migﬁlin-Src positive feedback
loop is important in maintaining Src activation. Disruption of this
feedback loop at any steps, e.g., knockdown of Kindlin-2, inhibition
of Kindlin-2 phosphorylation or knockdown of Migﬁlin [9] may
impair Src activation, and also the multiple Src-mediated cellular
processes, including cell spreading and migration.
In conclusion, we here present a model for the
Src-Kindlin-2-Migﬁlin signaling cascade: the membrane-bound
activated Src binds to and phosphorylates Kindlin-2 at Y193 which
facilitates interaction of Kindlin-2 with Migﬁlin and recruitment ofMigﬁlin to the FAs, and in turn promotes Src activation (Fig. 4G).
This signaling cascade regulates cell adhesion, spreading and
migration, and may eventually modulate tumor metastasis.
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